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Abstract

An on-chip enzymatic assay for screening organophosphate (OP) nerve agents, based on a pre-column reaction of organophosphorus
hydrolase (OPH), electrophoretic separation of the phosphonic acid products, and their contactless-conductivity detection, is described.
Factors affecting the enzymatic reaction, the separation and detection processes have been assessed and optimized. The complete bioass
requires 1 min of the OPH reaction, along with 1-2 min for the separation and detection of the reaction products. The response is linear,
with detection limits of 5 and 3 mg/l for paraoxon and methyl parathion, respectively. Compared to conventional OPH-based biosensors,
the OPH-biochip can differentiate between the individual OP substrates. The attractive behavior of the new OPH-based biochip indicates
great promise for field screening of OP pesticides and nerve agents. The study demonstrates also for the first time the suitability of the
contactless-conductivity detection for on-chip monitoring of enzymatic reactions.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction This article describes a capillary-electrophoresis (CE)
microchip device for enzymatic (OPH) assay of OP neu-
Organophosphate (OP) compounds are among the mostotoxins. Microfabricated microfluidic analytical devices,
toxic substances and are thus commonly used as pestiintegrating multiple sample handling processes with the
cides and nerve gases. The high toxicity of OP compoundsactual measurement step on a microchip platform, are of
has generated urgent needs for fast-responding analyticatonsiderable recent interef&,6]. The dramatic downscal-
systems for their on-site environmental monitoring and se- ing and integration of bioassays make these analytical
curity screening. Early work focused on the developments microsystems particularly attractive as field screening tools.
of biosensors for screening OP substangids These in- CE microchips have been used before for nonenzynjigtic
clude enzyme-inhibition biosensors based on the inhibition and enzyme-inhibitiofi8] detection of OP compounds. The
of acetylcholine esterase (AchB] and non-inhibition de-  adaptation of OPH for CE-microchip assays has not been
vices [1,3,4]. The inhibition bioassay lacks the necessary reported. On-chip enzymatic assays combine the selectivity
selectivity since AChE is inhibited by a wide range of and amplification features of biocatalytic reactions with the
toxic substances. The non-inhibition based biosensors relyanalytical features and versatility of microchip devi¢@k
on the use of organophosphorus hydrolase (OPH), which The new protocol relies on the pre-column reaction of OPH,
hydrolyzes OP pesticides and nerve agents to generate amlong with electrophoretic separation and conductivity de-
acid and alcohol. While offering a fast response, such en- tection of the phosphonic acid reaction products (Fig. 1).
zyme biosensors cannot discriminate among individual OP While contactless-conductivity (CCD) detection has been
substances. shown recently to be extremely attractive for CE microchips
[10,11], its utility for monitoring enzymatic reactions has
mspondmg althor. Tels 1-5056462140: fax: 1-5056466033. not been demonstrated. Such biochip operation is attrac_tive
E-mail addresses: joewang@nmsu.edu (J. wéng), adani@engr ucr.edu for ‘class’ enzymes, such as OPH, as it allows dlﬁerentlatloq
(A. Mulchandani). among the individual substrates (based on electrophoretic
L Co-corresponding author. separation of their products). The characterization and
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b R for accommodating the separation chip. Short pipette tips
were inserted into each of the four holes on the PMMA chip
a PaPz P =Od for introducing the individual solutions.
C OPH, S;,-S; e 2.3. Electrode fabrication

Fig. 1. Layout of the CE microchip electrophoretic system with the A schematic of the experimental setup is showﬁi'gm 1.
contactless-conductivity detector for enzymatic assays of OP nerve agents.The rectangular-shaped electrodes f@m x 24 mm) were
Running buffer reservoir (a), unused reservoir (b), sample reservoir (c) . . . . .

containing the substrateg-S5; along with OPH), separated enzyme reac- fabricated from tW_O 1Qm'th|Ck alumlqum-f0|l strips. Thef
tion products (R-P3); outlet reservoir (d); aluminum sensing electrodes €lectrodes were fixed around two sides of a 1 mm-thick,
(e). 26 mmx 10 mm sized PMMA plate using a “quick-setting”

epoxy with a spacing of 800m distance between them.

attractive performance characteristics of the new OPH-basedI he electrodes were placed in an “anti-parallel” orientation

CE/conductivity microchip bioassays are reported in the to minimize the stray capacitance between them. The de-
following sections. tector plate was then equipped by two polyvinyl chloride

(PVC) ‘clip-like’ open rectangular holder plates to hold the
microchip. This particular design does not require any mi-

2. Experimental crofabrication efforts to for the monolithic integration of the
conductivity detector electrodes on the PMMA microchip
2.1. Reagents and be easily replaced between microchips. The 5

thick cover plate of the chip was thus mechanically pressed

Paraoxon, parathion, and methyl parathion were pur- towards the detection electrodes without any use of an ad-
chased from Supelco (Bellefonte, PA). Stock solutions hesive. The exact details of the detector design were pub-
(1000 mg/l) of these pesticides were prepared in acetoni- lished recentlyj13,14]. Thin copper wires were attached to
trile. Histidine (His), 2-(N-morpholino)ethanesulfonic acid the electrodes on top of the detector plate using a conduc-
(MES), sodium chloride, ammonium nitrate and potas- ing epoxy (Chemtronics, Kennesaw, GA, USA); the length
sium perchlorate were purchased from Sigma. Stock so-of the wires was minimized to prevent induction of electric
lutions (1000 mg/l in acetonitrile) of 2,4,6-trinitrotoluene noise, and they were tin-soldered to the detector electronics.
(TNT), 1,3-dinitrobenzene (DNB), and 2,4-dinitrotoluene The detector was attached to the PMMA chip, 48 mm from
(DNT) were obtained from Radian International (Austin, the injection cross (3 mm from the ground reservoir).
TX). Organophosphorus hydrolase (OPH; 2700 1U/mg of
protein, 3.4mg of protein/ml; activity measured using 2.4. Electronic circuit
paraoxon as substrate) was produced and purified accord-
ing to the method described by Mulchandani et [&R]. The electronic circuitry of the contactless-conductivity de-
The 9180 U/ml activity enzyme stock solution was pre- tector was designed in accordance to a previously reported
pared by mixing 3.4mg of lysate in 1 ml deionized water. schem¢10]. All the electronic components were purchased
The run buffer was prepared by dissolving MES and His locally. The circuit was completed by adding a passive RC
in deionized water (5mM, pH 6.1). Stock solutions of the filter (time constant, 0.01 s) followed by a voltage follower
target analytes were prepared daily by dissolving the corre- (LF 356) to the circuit output. This modification allows
sponding stocks in the run buffer. All chemicals were used convenient interface to the data acquisition system. A HP

without any further purification. 8116A function generator (Hewlett-Packard, Palo Alto, CA,
USA) was used for generating the sinusoidal signal (usually
2.2. Apparatus with a frequency of 200 kHz with peak-to-peak amplitude

of 10V). The circuit board and other electronic equipment

The PMMA microchips were manufactured at the Insti- were placed in a shielding box for protection from exter-
tut far Mikrotechnik Mainz (IMM, Mainz, Germany) and nal electric fields. The box was placed as close to the mi-
were described earligd0]. The plastic PMMA microchip crochip (via copper wires for connection) as possible. To
(70mm x 24 mm) consisted of a 50mm long separation further minimize the noise, the chip (along with the printed
channel (between the injection cross and the channel outletelectronic board) was secured from possible mechanical vi-
reservoir) and 18 mm long injection channel (between the brations onto a chemical stand.
sample and unused reservoirs). The two channels crossed
each other halfway between the sample and the unused rese2.5. Electrophoretic procedure
voir and 9 mm from the run buffer reservoir. The width and
depth of the channels were ph each. The homemade The channels of the plastic chip were treated before use
high-voltage power supply had an adjustable voltage rangeby rinsing with deionized water for 10 min. Reservoirs (a),
between 0 and-5000 V. A Plexiglas holder was fabricated (b), and (d) (Fig. 1) were filled with the electrophoretic run
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buffer solution, while the sample reservoir (c) was filled

with the sample solution (containing 60 U/ml OPH). Af- - E
ter a short (60 s) reaction time, the products were injected S a

into injection channel by applying a potential fL000V ' 5mv b ¢

for 1s between the sample (c) and the outlet (d) reservoirs. D

This drove the enzymatic product “plug” into the separa-
tion channel through the intersection. The analytical sepa-
ration proceeded by switching the high-voltage contacts to
the run-buffer reservoir, with other reservoirs grounded (a)

and the outlet reservoir (d) floating. fmwu
a

2.5.1. Safety considerations

The high-voltage power supply should be handled with
extreme care to avoid electrical shock. Parathion, methyl-
parathion and paraoxon are very toxic substances and should | . ,
be handled with extreme care. Skin or eye contact and ac- 0 50 100 150
cidental inhalation or ingestion should be avoided.

Response
L
{ d

Time (s)

Fig. 2. Identification of the individual hydrolysis products of nerve agents
3. Results and discussion (A—C): electropherograms for hydrolysis products of 50 mg/l (a) methyl
parathion, (b) parathion and (c) paraoxon after on-chip enzymatic reaction

} . . . with OPH. (D, E) Response for a mixture containing the three pesticides
The new OPH-based assay on CE/conductivity microchip in the presence and absence of OPH, respectively. Conditions: separa-

relies on the reaction of OPH with the OP nerve agents in o, voltage, —1000V; injection voltage,—1000V; injection time, 1s;

the sample reservoir, injection and separation of phospho-frequency, 200 kHz; peak-to-peak amplitude, 10V; sinusoidal waveform;
nic acid reaction products, and their conductivity detection nerve agents concentration, 50 mg/l each; OPH activity, 80 U/ml; running
(Fig. 1). The enzymatic reaction was accomplished in the buffer, MES/HIS (SmM, pH 6.1).

sample reservoir of the microchip system. The organophos-

phate nerve agents were added to the samp|e reservohso U/ml OPH in the Sample reservoir. We examined the ef-
(Containing the OPH enzyme) and were hydro|yzed to the fect of the pre-COlUmn reaction time USing 80 U/ml OPH.
corresponding p-nitrophenol and esters of phosphonic acid. The response increased nearly linearly with the time up to
The reaction products were then injected into the separa-60s and then levelled off (not shown). A 60s period was
tion channel, separated and detected by the CCD detectorused in all subsequent work. We also assessed the influence
Electropherograms for the individual substrates, methyl Of the pH of the run buffer; a MES/His buffer (pH 6.1) of-
parathion, parathion and paraoxon (50 mg/| each), fo”owing fered the best Compromise between SenSitiVity and linear-
their on-chip enzymatic reaction, are displayedFig. 2 (A, ity, along with effective separation of the reaction products.
B, and C, respectively). Well-defined peaks, with favorable This pH also minimized an interference of the p-nitrophenol
signal-to-noise characteristics, are observed at migrationProduct (whose pKis 7.15). Note that the optimal pH for
times of 97 (A), 117 (B) and 128 (C)s. High efficiency sep- the OPH reaction alone is 8[@].

arations were indicated from sharper peaks with half-peak The influence of the separation voltage on the OPH en-
widths of 4.6 (A), 3.8 (B) and 4.4 (C)s. Being a contactless zymatic assay of 50 mg/l each of (a) methyl parathion, (b)
detector, variables such as detector geometry is not effectedParathion, and (c) paraoxon is showrfig. 4. The total time

by the separation voltag€&ig. 2D shows the electrophero-

gram for a mixture containing methyl parathion, parathion 5
and paraoxon (along with OPH). The reaction products are
well resolved and detected within ca. two min. The migra-
tion times are in agreement with those observed (in A-C)
for the individual pesticides. As expected, no response is
observed when the same sample mixture was analyzed
without OPH (E).

Variables affecting the performance of the OPH-based CE
microchip assay were examined and optimizeid. 3 dis-
plays the influence of the OPH activity upon the response 0 S 20 40 80 8 100
for 50 ppm paraoxon. The conductivity response (of the re-
action product) increases nearly linearly upon increasing the Amount of OPH / (U/ml)
OPH activity up to 60 U/ml, then more slowly, and levels Fig. 3. Effect of the OPH activity on the response of 50 mg/l paraoxon.
off above 80U/ml (Fig. 3). All subsequent work utilized Other conditions, as ifFig. 2.

Response / (mV)
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Fig. 4. Effect of the separation voltage upon the enzymatic assay of
selected nerve agents, 50 mg/l each of: (a) methyl parathion, (b) parathion
and (c) paraoxon. Separation voltage, (AY00V; (B) —1000V; (C)
—1500V; (D) —2000V, and (E)-2500 V. Other conditions, as iRig. 2.

Fig. 5. Electropherograms for mixtures containing increasing levels of
methyl parathion (a) in steps of 10 ppm k) and in the presence of
20 mg/l paraoxon (b). Also shown (inset) is the resulting calibration plot.
Operation conditions, as iRig. 2.

required for separating the reaction products decreases fronis another attractive feature of the new OPH-biochip pro-
170s (at—700V; A) to 80s (at—2500V; B). Most favor- tocol. The precision was examined from a series of eight
able peak profiles and baseline characteristics are observedepetitive injections of a sample mixture containing 50 mg/I
using a separation voltage ef1000V (C); as expected, parathion and paraoxon. Reproducible signals were obtained
sharper peaks were observed upon increasing the separawith R.S.D. values of 2.1% (parathion) and 4.2% (paraoxon)
tion voltage. The plate numbers (N) for methyl parathion for the peak heights.

are 36700, 49600, 41900, 32700, and 2965bat —700, It is often useful for various environmental and secu-
—1000,—1500,—2000 and-2500 V, respectively. Since the  rity screening applications to combine the measurements
OPH reaction products (phosphonic acids) are injected (asof OP nerve agent and various inorganic ions. For exam-
opposed to the injection of nerve agents and subsequent miple, Fig. 6D demonstrates the simultaneous measurements
cellar eletrokinetic separatidid]), the separation efficiency
obtained were found to be very satisfactory and compare
favourably with that obtained for analogous non-enzymatic I 5 mV
assayf15]. Notice also that the separation voltage has a neg-
ligible effect upon the baseline current.

The OPH-biochip operation results in a well-defined con-
centration dependence. The concentration dependence is ex-
amined inFig. 5 for solutions containing increasing levels
of methyl parathion (10-50 mg/l, A-E) in the presence of
a fixed (20 ppm) level of paraoxon. The methyl parathion
peak (a) increases linearly with the concentration. Such lin-
earity is indicated from the resulting calibration plot (shown
also as inset). Such plot has a slope of 1.36 mV/ppm, with
correlation coefficient of 0.992. Note also that the increas-
ing levels of methyl parathion concentration have negligi- 0 50 100 150
ble effect upon the paraoxon peak. This is in contrast to
the cross reactivity common to OPH biosensors. The data
of Fig. 5A (lower trace) indicate detection limits of 3mg/l  Fig. 6. Electropherograms for a mixture containing: (a) 50 mg/l of methyl
methyl parathion and 5mg/l paraoxon. Practical environ- parathion; (b) parathion and (c) paraoxon before (A) and after (B) the
mental applications may require lower detection limits; fur- OPH enzymatic reaction; gletropherograms showing the en;ymatic assay

. . - . .., of the same nerve agents in the presence of 20 mg/l of 2,4-dinitrobenzene
ther |mprovements in the deteCtab”'tY may be ach'eved with and 2,4,6-trinitrotoluene nitroaromatic explosives (C), and in the presence
the use of high-voltage CCD detecti¢hl]and/or integra- of 300pM of chloride (d) and perchlorate (e) explosive-related anions
tion of an on-chip preconcentration function. Good precision (D). Operation conditions, as ifig. 2.

Response

Time (s)
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of three OP compounds (a—c) with explosive-related an- US Environmental Protection Agency (EPA; grant num-
ions such as chloride (d) and perchlorate (e). The com- bers R82816001 and RD830900), and NIH (award number
plete assay requires less than 2.5 min (or 3.5min including RO1 Al056047-01). Mention of trade names or commer-
the time required for enzymatic reaction), and the inorganic cial products does not constitute endorsement for use by the
explosive-related ions do not affect the quantitation of the EPA.

OP nerve agents (B versus D). Neutral nitroaromatic explo-

sives, such as 2,4-dinitrobenzene and 2,4,6-trinitrotoluene,

are not detectable with the conductivity detector and are not References
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